The lossless current-carrying capacity of a superconductor is limited by its critical current density (Jc). A key to enhance Jc towards real-life applications is engineering defect structures to optimize the pinning landscape. For iron-based superconductors (IBSs) considered as candidate materials for high-field applications, high Jc values have been achieved by various techniques to introduce artificial pinning centres. Here we report extraordinary vortex pinning properties in CaKFe4As4 (CaK1144) arising from the inherent defect structure. Scanning transmission electron microscopy revealed the existence of nanoscale intergrowths of the CaFe2As2 phase, which is unique to CaK1144 formed as a line compound. The Jc properties in CaK1144 are found to be distinct from other IBSs characterized by a significant anisotropy with respect to the magnetic field orientation as well as a remarkable pinning mechanism significantly enhanced with increasing temperature. We propose a comprehensive explanation of the Jc properties based on the unique intergrowths acting as pinning centres.
INTRODUCTION
Loss-free electrical transport is a unique property of superconductors that is utilized in various superconductivity applications. The figure of merit for the current-carrying capacity of a superconductor is Jc, which is determined by the material's ability to trap vortices, namely, vortex pinning. 1 Consequently, Jc strongly depends on the defect structure where superconductivity is locally suppressed, and the vortices have smaller energy and are therefore pinned.
Thus, how to design and introduce defects is one of the key issues towards real-life applications. To date, various techniques have been developed to control defect structures, particularly through the research on high-transitiontemperature (high-Tc) cuprate superconductor YBa2Cu3O7 (YBCO) thin films. [2] [3] [4] [5] For example, nanoparticles/nanorods can be incorporated by alternately depositing YBCO and a non-superconducting (non-SC) secondary phase (e.g. Y2BaCuO5) 6 or by adding appropriate impurities (e.g. BaZrO3) to the deposition target.
structure in CaK1144, which provides comprehensive explanations of the sublime vortex pinning properties.
RESULTS

Microstructure of CaKFe4As4 single crystal
The crystal structure of the CaK1144 matrix and the unique defect structure can be directly observed by highresolution scanning transmission electron microscopy (STEM) experiments. Figure 1c shows a low-magnification annular-dark-field (ADF)-STEM image taken along the [100] axis. Overall, the STEM image shows a uniform contrast, indicative of good homogeneity of the matrix region. Notably, characteristic bright stripes in the horizontal direction with typical lengths of ~1 m can be identified. These structures are regarded as planar defects along the ab plane, while no other defects are detected. Figure 1d shows the ADF-STEM image around one of the bright stripes.
The upper right panel shows the magnified view of the CaK1144 matrix. The brightest zig-zag arrangements of dumbbells indicated by green arrows are assigned to FeAs layers. The Fe-Fe interplane distance across the two kinds of relatively dark layers (the brighter and the darker ones indicated by blue and orange arrows, respectively) was determined to be 6.1 Å and 7.0 Å, respectively. These values are in good agreement with the reported ones (6.12 Å and 6.70 Å, see Figure 1b ), indicating that the brighter and darker layers correspond to Ca and K layers, respectively.
Thus, we confirmed that the alternating stacking of Ca and K layers is indeed realized in the matrix.
Next, we focus on the bright stripe magnified in the right lower panel in Figure 1d . It reveals that the alternation of Ca and K layers is violated, while the local FeAs-layer structure is maintained. There are nine FeAsto-FeAs units with a total thickness of about 55 Å, and each Fe-Fe interplane distance is found to be 6.1 Å, which is identical to that across the Ca layer. The chemical composition analysis shows that Ca is rich around the defect without significant changes for Fe and As (see Supplementary information). Based on the results, we conclude that the defect is a Ca122 intergrowth with dimensions of ~5.5 nm (~5 unit cells) along the c axis and ~1 m along the ab-plane, which is coherently grown in the CaK1144 matrix.
Furthermore, when the microstructure of CaK1144 was carefully investigated, we found much smaller defects. In Figure 1e , there is a thin bright line indicated by a black arrow. This defect is identified to be a monolayer Ca122 intergrowth, as shown in the right panel. Typically, such thin intergrowths have dimensions of 1-2 nm in thickness (along the c-axis) and 50-100 nm in length (along the ab-planes). Thus, the existence of Ca122 intergrowths with various sizes is revealed. Such intergrowths should have significant influence on the vortex pinning properties in CaK1144.
Critical current properties in CaKFe4As4
Magnetization hysteresis loops (MHLs) were investigated (M ~ Jc) in order to explore the vortex pinning properties Figure 3a shows the MHLs for CaK1144. The shape of the MHL is clearly different from that for H // c in that it shows a dip structure around self-field, which will be discussed later. Moreover, the size of the MHL monotonically decreases with increasing T in contrast to the case of H // c, suggesting a significant anisotropy in the vortex pinning properties with respect to the H orientation. Figure 3b shows the 20, 33 (see Figure 3e ).
The unusually high Jc H//ab in CaK1144 can be confirmed by comparing with the results of BaK122 obtained by the same procedure. Figure 3c shows the MHLs for BaK122 (x = 0.4). In contrast to the case of CaK1144, the MHLs show a peak around self-field, similar to that for H // c. Figure 3d shows the intergrowths are regarded as non-SC planar defects because the inner part of the intergrowths is considered to be undoped Ca122. In general, these defects act as efficient pinning centres for H // ab while they do not contribute to pinning for H // c. On the other hand, for the latter case, when the thickness is ~1-2 nm, i.e. 1-2 Ca layers are inserted (Figure 1e ), holes can be supplied to the inner FeAs layers from the K layers, hence such intergrowths are considered to be SC defects. It is expected that Tc of the SC defects (Tc defect ) is lower than that of the CaK1144 matrix due to the depleted carrier density as in the case of underdoped BaK122. Then, Tc defect is determined by the number of Ca layers in the defect, hence it likely takes discrete values. In addition, these defects terminate in a short range (< ~100 nm);
hence, Tc abruptly changes along the ab plane around their ends. Therefore, they act as effective pinning centres not only for H // ab but also for H // c. 
METHODS
Single crystal growth
Single crystals of CaK1144 were grown by the FeAs-flux method. 39 The FeAs precursor was prepared from Fe and
As mixed at a ratio of 1 : 1 and heated at 900 ℃ for 10 h in an evacuated quartz tube. Ca, K, and FeAs were weighed at a ratio of 1 : 1.1 : 10 and placed in a zirconia crucible, then sealed in a Ta container using an arc-welding chamber.
The Ta container was sealed in an evacuated quartz tube to protect Ta from oxidation. The container was heated during 5 h to 650 ℃ and held there for 5 h. It was then heated to 1180 ℃ within 5 h and held there for another 5 h.
Then, it was cooled over 5 h to 1050 ℃, followed by slow cooling to 930 ℃ for 80 h. For the single crystals used in this study, X-ray diffraction (XRD) patterns were measured at room temperature using a diffractometer with Cu K radiation (Rigaku, Ultima IV) to check 00l peaks (see Supplementary information). No trace of Ca122 and K122 was observed within the resolution of XRD.
Scanning transmission electron microscopy
The microstructure of a CaK1144 single crystal was investigated using an aberration-corrected scanning transmission electron microscope (FEI, Titan cubed) at an acceleration voltage of 300 kV. The sample was prepared using a focused ion beam (Hitachi, FB-2000). The chemical composition was investigated by electron energy loss spectroscopy (EELS, Gatan, GIF Quantum ERS) and energy dispersive X-ray spectroscopy (EDS, Oxford Instruments, X-Max N 100TLE).
In-plane resistivity measurements
The in-plane resistivity ab(T) (shown in the Supplementary information) was measured by a standard four-probe method using a physical property measurement system (Quantum Design). Magnetic fields up to 9 T were applied along the c axis and in the ab plane to evaluate the anisotropy of upper critical fields. As shown in the Supplementary information, the residual resistivity ratio (ab(300K)/ab(40K)) was ~16, and no trace of magneto-structural phase transition of Ca122 phase was observed around 170 K. These properties meet the criteria for "phase-pure" single crystals in Ref. 39.
Magnetization measurements
The samples for the magnetization measurements were cut into rectangular shapes. For CaK1144, the dimensions were l = 1.57 mm (length), w = 1.34 mm (width), and d = 0.035 mm (thickness). For BaK122, the dimensions were l = 1.59 mm, w = 0.764 mm, and d = 0.099 mm. The measurements were performed using a magnetic property measurement system (Quantum Design 
Characterization of CaKFe4As4 and Ba0.6K0.4Fe2As2 single crystals
In advance of the scanning transmission electron microscopy (STEM) and magnetization hysteresis loop (MHL) measurements, the quality of CaKFe4As4 (CaK1144) single crystals was checked by X-ray diffraction (XRD), magnetization (M) and in-plane resistivity (ab) measurements following the procedure in Ref.
1. Figure S1 shows a XRD pattern of a CaK1144 sample presented on a log scale. All the peaks can be indexed by 00l for CaK1144. The small peaks indicated by blue triangles arise from the residual Cu K radiation. No trace of CaFe2As2 (Ca122) and KFe2As2 (K122) phases was observed within the resolution of in-lab XRD. from K122. Figure S2b shows T dependence of ab. ab shows a metallic behavior characterized by a S-shaped curve, which is similar to that observed for optimally-doped BaK122 (see Figure S2f) . No anomaly corresponding to magneto-structural transition of Ca122 was detected in ab. The residual resistivity ratio ab(300K)/ab(40K) is about 16, which is comparable with that for the best sample shown in Ref.
X-ray diffraction measurement
1. Thus, the results of XRD, M, and ab measurements suggest that a "phase-pure" CaK1144 single crystal was obtained. We performed STEM experiments on such a selected crystal.
We also evaluated the anisotropy of upper critical field (Hc2). Figure S2c 
Chemical composition analysis of CaK1144
The chemical compositions of CaK1144 and defects were investigated by electron energy loss spectroscopy (EELS) and energy dispersive X-ray spectroscopy (EDS). Figure S3a shows the ADF-STEM image and EELS spectra around a defect in CaK1144 matrix (indicated by a black arrow). The alternation of Ca and K layers is violated; two Ca layers appears (or a K layer is skipped) around the defect. Meanwhile, no significant change was found for Fe and As. Similar results were obtained by EDS as shown in Figure S3b . In addition, the average chemical composition away from the defect is Ca : K : Fe : As = 11.0 : 10.7 : 41.2 : 37.1, which agrees with CaK1144 within the measurement error range of EDS. , which is observed in various iron-based superconductors and often associated with the strong vortex pinning arising from the sparse and large pointlike defects. 2 At low H, the strong pinning contribution, which monotonically decreases with T, is likely dominant, resulting in the monotonous decrease of Jc. On the other hand, since the strong pinning contribution rapidly decreases in H, the pinning arising from the SC defects (thin Ca122 intergrowths) which is enhanced with increasing T becomes dominant at higher H, thus Tp can be clearly observed. 
Calculation of pinning force density
The pinning force density (fp) was calculated using a simple model. First, because there are two Jc components, we need to perform two independent M -H measurements on a rectangular sample with dimensions of l, w (< l), and d (// c) using different setups as shown in Figure S6 . Based on these configurations, the width of MHL, M1 and M2 for MHL 1 and MHL 2, respectively, can be expressed by the following equations:
T (K)
Using M1 and M2, Jc H//ab and Jc c for cases (i), (iii), and (v) in Figure S7 can be calculated as follows (here we define  = w/l (< 1)):
Then, in order to calculate Jc H//ab and Jc c from the experimental data, the equations (cases (i), (iii), and (v))
should be appropriately chosen. To determine which equations to use, M1/M2 is a useful parameter which can be easily obtained from the data. From the expressions of M1 and M2 shown before, M1/M2 for each case can be described as follows: and M2, respectively.
